Introduction {#Sec1}
============

Rice is the major staple food crop for many populations in the world, especially in Asia where production and consumption accounts for more than 90% of the rice worldwide^[@CR1]^. The intensification of rice cropping systems has contributed greatly to ensuring food security in Asia^[@CR2]^, and a further increase in cropping intensity is an important approach to achieving greater food security in the future^[@CR3]^. However, the long-term continuous rice cropping systems have posed a challenge to sustainable land productivity^[@CR4],[@CR5]^.

Well-planned cropping systems are expected to promote effective use of natural resources and maintain land productivity in the long-term to achieve greater crop yields and sustainability of cropping systems^[@CR6]^. In recent years, the role of soil microorganisms in improving productivity of agro-ecosystems has gained more attention^[@CR7]^, and more recent evidence indicates that cropping systems influence rice yield by altering soil bacterial communities^[@CR8]^.

Double-season rice cropping system is a major intensive cropping system in China. In the double-season rice cropping regions, farmers are strongly recommended to grow green manure or oilseed rape in the winter season to improve rice yields. Our recent study also supports this recommendation^[@CR9]^. Here, we hypothesized that growing green manure and oilseed rape in the winter season would alter soil bacterial communities in double-season rice paddies. To test this hypothesis, we collected soil samples from the experimental field of Huang *et al*.^[@CR9]^. to determine cropping system effects on diversity, richness, and structure (relative abundance at phylum level) of the soil bacterial communities.

Results and Discussion {#Sec2}
======================

There were no significant differences within each diversity and richness index among soil bacterial communities of the FRR, MRR, and ORR cropping systems (*p* \> 0.05; Table [1](#Tab1){ref-type="table"}). Thus, diversity and richness of the soil bacterial communities were not significantly affected by cropping systems in this study. This finding, though unexpected, may be explained by a previous study by Xuan *et al*.^[@CR8]^. They observed that the effects of cropping systems (rice-rice-rice, rice-maize-rice, rice-mungbean-rice, and rice-mungbean-maize) on bacterial community diversity and richness in a paddy soil differed between sampling times; cropping systems significantly affected Shannon and Chao1 indices of soil bacterial communities from soils sampled mid-season of a crop rotation but not those of soils sampled after rice harvest. In our study, the tested soils unaffected by cropping system were sampled after rice harvest. This suggests that further investigations are required to determine the effects of cropping systems on dynamic changes in diversity and richness of bacterial communities in paddy soils.Table 1Bacterial community diversity and richness in subtropical paddy soils sampled from three cropping systems.Index^a^Cropping system^b^*p*-valueFRRMRRORRObserved species2710274127090.872Shannon9.319.319.230.441Simpson0.9930.9940.9910.116Chao13024315430460.681ACE3091323231200.606PD whole tree2172192170.945^a^ACE, abundance-based coverage estimators; PD whole tree, phylogeny-based metrics.^b^FRR, fallow-rice-rice; MRR, green manure-rice-rice; ORR, oilseed rape-rice-rice.

The top 10 phyla of bacterial communities according to their relative abundances in the soil across three cropping systems were Proteobacteria, Acidobacteria, Nitrospirae, Chloroflexi, Gemmatimonadetes, Bacteroidetes, Actinobacteria, Firmicutes, Verrucomicrobia, and Crenarchaeota (Fig. [1](#Fig1){ref-type="fig"}). Previous studies also reported eight of our top 10 phyla (the exceptions were Gemmatimonadetes and Crenarchaeota) in their top 10 phyla of bacterial communities in paddy soils of rice-rice-rice, rice-maize-rice, rice-mungbean-rice, rice-mungbean-maize, and FRR cropping systems^[@CR8],[@CR10]^. This indicates that the dominant phyla of bacterial communities are relatively stable in paddy soils across cropping systems.Figure 1Relative abundances of bacterial phyla in paddy soils from three cropping systems FRR (fallow-rice-rice), MRR (green manure-rice-rice), and ORR (oilseed rape-rice-rice). Data are means and SE (*n* = 4). Values above bars are *p*-values. Different letters denote significant differences at *p* \< 0.05 by multiple comparisons among cropping systems.

Rankings and relative abundances of the dominant phyla of soil bacterial communities differed between findings of the present (Fig. [1](#Fig1){ref-type="fig"}) and previous studies^[@CR8],[@CR10]^. For example, Nitropirae respectively ranked 8th and 3rd among soil bacterial communities in this and Yin *et al*.'s study^[@CR10]^, and the respective average relative abundances of Proteobacteria were 0.50 and 0.33 in this and Xuan *et al*.'s study^[@CR8]^. Differences in environmental conditions (soil and climate) and crop management practices may explain the inconsistencies in rank and abundances of phyla^[@CR11],[@CR12]^, but the specific reasons are unclear.

Relative abundances of Proteobacteria, Acidobacteria, Nitrospirae, Gemmatimonadetes, and Verrucomicrobia in soil bacterial communities were significantly different among the FRR, MRR, and ORR cropping systems (*p* \< 0.05; Fig. [1](#Fig1){ref-type="fig"}). Compared with FRR, MRR had 11% lower relative abundance of Nitrospirae and 18% higher relative abundance of Gemmatimonadetes; ORR had 8--65% higher relative abundances of Proteobacteria and Verrucomicrobia and 11--17% lower relative abundances of Acidobacteria and Nitrospirae. These results indicate that the structure of soil bacterial communities was significantly affected by cropping systems in this study. Based on both the abundance and diversity and richness data, we suspect that interspecific competition is likely responsible for the insignificant effects of cropping systems on the diversity and richness of soil bacterial communities.

In conclusion, this study determined altered soil bacterial community structure among three rice-based cropping systems differing in productivity. Briefly, compared with FRR, the higher rice yield in MRR was accompanied by a decrease in relative abundance of Nitrospirae and an increase in relative abundance of Gemmatimonadetes, while the higher rice yield in ORR was accompanied by increases in relative abundances of Proteobacteria and Verrucomicrobia and decreases in relative abundances of Acidobacteria and Nitrospirae. These findings suggest that benefits to rice yield may be obtained by strategically shaping the soil bacterial community structure.

Based on the results of our present and previous studies and those of others, we speculate that reducing the relative abundance of Nitrospirae and increasing the ratio of abundances of Proteobacteria/Acidobacteria in paddy soils may be beneficial to improve rice yield. On one hand, a lower relative abundance of Nitrospirae was observed in both MRR and ORR with higher rice yield than in FRR with lower rice yield in our studies. Nitrospirae is a phylum of nitrification bacteria in soils, which plays critical role in both the ammonia-oxidizing and nitrite-oxidizing processes^[@CR13]^. A reduction in Nitrospirae abundance in the soil may reduce nitrification, and consequently increase availability of ammonia nitrogen (the main nitrogen source for rice) and decrease nitrogen loss through leaching and denitrification^[@CR14]^, and finally improve nitrogen uptake and grain yield in rice^[@CR15]^. On the other hand, abundances of Proteobacteria and Acidobacteria are related to the nutrient status of soils, and high ratios of abundances of Proteobacteria/Acidobacteria are indicative of copiotrophic soils^[@CR16]^. In the present study, the significantly higher abundance of Proteobacteria or significantly lower abundance of Acidobacteria resulted in a significantly higher ratio of abundances of Proteobacteria/Acidobacteria in both MRR and ORR than in FRR (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}), suggesting that the soil nutrient status was improved in both MRR and ORR with higher rice yield compared to FRR with lower rice yield. In this regard, it has been documented that growing green manure of Chinese milkvetch can improve nitrogen recovery and conservation in the rice paddy soil^[@CR17]^, while growing oilseed rape can increase soil organic matter and nitrogen (especially the available nitrogen) contents^[@CR18]^. In addition, chemical fertilizers (120 kg N ha^−1^, 67.5 kg P~2~O~5~ ha^−1^, and 120 kg K~2~O ha^−1^) were applied to the oilseed rape crop in ORR^[@CR9]^, which might also affect the nutrient status of soils and the growth and productivity of subsequent rice crops. The results of our studies highlight that further investigations are needed to gain a greater fundamental understanding of relationships among the structure of soil bacterial communities, soil nutrient status, and crop physiological processes in rice paddies. Such investigations will provide useful information to identify the specific soil microorganisms responsible for the high productivity of rice paddies.Figure 2Ratios of abundances of Proteobacteria/Acidobacteria in paddy soils from three cropping systems FRR (fallow-rice-rice), MRR (green manure-rice-rice), and ORR (oilseed rape-rice-rice). Ratios were calculated by dividing the relative abundance of Proteobacteria by the relative abundance of Acidobacteria. Data are means and SE (*n* = 4). Different letters denote significant differences at *p* \< 0.05 by multiple comparisons among cropping systems.

Methods {#Sec3}
=======

Soil sampling {#Sec4}
-------------

The experimental field of Huang *et al*.^[@CR9]^ is located at Hengyang (26°53′ N, 112°28′ E), Hunan Province, China. Three rice-based cropping systems were established in the experimental field from 2014 to 2019 where two seasons of rice crops were preceded by a winter season of either a (1) fallow field (winter fallow-rice-rice, FRR), (2) crop of green manure of Chinese milkvetch (green manure-rice-rice, MRR), or (3) crop of oilseed rape (oilseed rape-rice-rice, ORR) in each cropping cycle. The cropping systems were laid out in a randomized complete-block design with four replications and a plot size of 45 m^2^. Averaged rice yield across cropping cycles was significantly higher in MRR and ORR than in FRR. The detailed information of the experiment and yield data can be found in Huang *et al*.^[@CR9]^

At seven days after the second-season rice harvest in 2019, fifteen points were randomly selected in each plot to collect soil samples from the upper 20-cm layer with a flame-sterilized soil corer (inner diameter = 2 cm). The soil samples from each plot were composited after removing visible plant residues and gravel. All composited soil samples were placed in sterilized sealed bags, brought to the laboratory in an ice box, and stored in an ultra-cold freezer at --70 °C until assayed.

Bacterial community assay {#Sec5}
-------------------------

A 16S rRNA gene sequence analysis was conducted to assay bacterial communities of each soil sample. DNA extraction and 16 S rRNA gene sequencing were performed according to the procedures described by Yin *et al*.^[@CR10]^. Quality-filtered and non-chimeric sequences were clustered to generate operational taxonomic units (OTUs) at a similarity level of 97% using UPARSE (v7.0.1090)^[@CR19]^. Taxonomic information of OTUs was annotated against the GreenGene Database^[@CR20]^ using the RDP classifier algorithm (v2.2)^[@CR21]^.

Bacterial community diversity and richness indices, including observed species, Shannon, Simpson, Chao1, abundance-based coverage estimators (ACE), and phylogeny-based metrics (PD whole tree), were calculated using QIIME (v1.9.1)^[@CR22]^. Relative abundance of each phylum was calculated by dividing the number of OTUs affiliated with a phylum by the total number of OTUs.

Statistical analysis {#Sec6}
--------------------

Data were analysed by analysis of variance (ANOVA) using Statistix 8.0 analytical software (Tallahassee, FL, USA). The statistical significance level of ANOVA was set at *p* \< 0.05. The variables with significant differences were subjected to multiple comparisons using the least significant difference (LSD) test at *p* \< 0.05.
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